The classical limit of the Einstein coefficient method is used in the low-gain regime to calculate the stimulated emission from a tenuous rela- The emission is compared to the low-gain cyclotron maser with 6B = 0 and to the low-gain FEL (operating at higher harmonics) utilizing a transverse, linearly polarized wiggler field.
INTRODUCTION
The Lowbitron (acronym for longitudinal wiggler beam interaction) is a novel source of coherent radiation in the centimeter, millimeter, and submillimeter wavelength regions of the electromagnetic spectrum. The radiation is generated by a tenuous, thin, relativistic electron beam with average axial velocity Vb and transverse velocity V, propagating along the axis of a multiple-mirror (undulator) magnetic field. It is assumed that the beam radius is sufficiently small that the electrons experience only the axial solenoidal and wiggler fields given by Eq. (2) .
The output frequency wis upshifted in proportion to harmonics of k0 Vb, where X0 = 27/k0
is the wiggler wavelength. This offers the possibility of radiation generation at very short wavelengths.
Previously, we have considered this FEL configuration in the high-gain regime using the Maxwell-Vlasov equations to study coherent emission at the 1,2
. 3 fundamental harmonic , and at higher harmonics3. In this article, the classical limit of the Einstein coefficient method is used in the low-gain regime to study stimulated emission at the fundamental and higher harmonics.
In Sec. 2, we determine the electron orbits in the magnetic field given by Eq. (2) . These orbits are then used in Sec. 3 to determine the spontaneous energy radiated. In Sec. 4, the amplitude gain per unit length is calculated for a cold, tenuous, relativistic electron beam. For sufficiently large magnetic fields, we find that the emission is inherently broadband in the sense that many adjacent harmonics can exhibit substantial amplification.
For a device operating as an oscillator, it would be possible to tune the output over a range of frequencies for fixed electron beam and magnetic field parameters by changing the optical mirror separation to correspond
-CONSTANTS OF THE MOTION AND ELECTRON TRAJECTORIES
We consider a tenuous, relativistic electron beam propagating along the axis of a combined solenoidal magnetic field and multiple-mirror (undulator) magnetic field with axial periodicity length X 0 = 2r/k0' 2 2
It is assumed that the beam radius Rb is sufficiently small that koRb 1 2 2 and that k2r <1 is satisfied over the radial cross-section of the electron beam. Here, cylindrical polar coordinates (r,e,z) are introduced, where r is the radial distance from the axis of symmetry and z is the axial coor- 
where B0 = const is the average solenoidal field, 6B = const is the oscillation amplitude of the multiple-mirror field, and 6B/B0 <1 is related to the mirror ratio R by R = (1 + 6B/B 0)/(l -6B/B 0). For present purposes, it is assumed that kORb is sufficiently small that field contributions of the order k r 6B (and smaller) are negligibly small. Therefore, in the subsequent analysis, the axial and radial magnetic fields in Eq. (1) are approximated by For present purposes, it is assumed that the equilibrium electron distribution f has no explicit dependence on P, and the class of beam
is considered. In order to determine the detailed properties of the growth rate, we make the specific choice of beam equilibrium
where nb = fd 3 pf = const is the beam density, the constants V and V are In order to calculate the spontaneous energy radiated by an electron passing through the magnetic field configuration given by Eq. (2), we first determine the electron orbits from dp' t = (z'),
dit?
c y z dp'
dt' c x z dp'
where k'(t') ym v(t') and y = (1 + 12/m 2 c 2 )
= const. Here, theboundary conditions x'(t'=t) =x and k'(t'=t) = are imposed, i.e., the particle trajectory passes through the phase space point (xq) at time t' = t. From Eq. (8), the axial orbit is given by
where T = t' -t and v = p /ym is the constant axial velocity. In order to z z determine the transverse motion, Eqs. (6) and (7) are combined to give
dt' + c I B 0 si 0 z 0 z I +,
= eB0/Yme is the relativistic cyclotron frequency in the solenoidal field B, and use has been made of Eq. (9).
Integrating Eq. (10) with respect to{ t' and enforcing vI(t'= t)
, it is evident that p'(t') = ymiv'(t')I = ymv4 is independent of t', although the individual transverse velocity components, v'(t') and v'(t'), may be strongly modulated by the longitudinal wiggler field 6B sin koz.
Making use of exp(ib cosa)=
where J (x) is the Bessel function of the first kind of order n. Integrating Eq. (12) with respect to t' gives for the radius of the electron orbit Also, in the presence of both the solenoidal and wiggler fields, the radius of the orbit grows linearly in T for wc = -mk 0 vz exactly. In the following analysis, it is assumed that the value of v Vb is such that w + mkO Vb # 0, and the radius of the electron orbit remains bounded.
SPONTANEOUS EMISSION COEFFICIENT
The spontaneous emission coefficient *n(x) is the energy radiated by an electron per unit frequency interval per unit solid angle divided by the time T = L/v that the electron is being accelerated. Here, L is the z axial distance over which the acceleration takes place. It is assumed that the radiation field is right-hand circularly polarized and propagating in the z-direction with frequency w and wavenumber k related by w kc in the tenuous beam limit. For observation along the z-axis, the spontaneous emission coefficient in the classical limit is given by
47T c T o
The orbits in Eqs. 
with an output frequency of approximately
In the presence of the wiggler magnetic field, it is evident from Eqs. (20) and (21) that the gain per unit length gives only amplification for , > 0.
This is in contrast to the case 6B = 0 where amplification occurs for both positive and negative $0, symmetric about $= 0.
Comparing the output frequency with and without the wiggler field, we find that the output frequency for 6B # 0 is always greater than that for 6B = 0 and can be substantially larger for ik > wcb . 
2.
As a numerical example, for b = 1.8, J2 is a maximum, and the first three harmonics can be excited simultaneously with r 1 /r 2 = 1.87 and P 1r3 wiggler is typically larger, for ybV /c < 1 the output frequency for the longitudinal wiggler can be substantially higher than the output frequency for the transverse wiggler FEL. Comparing the gain at higher harmonics, a similar conclusion holds when y V /c2 < 1.
CONCLUSION
In summary, we have used the classical limit of the Einstein coefficient method to study in the low-gain regime stimulated emission from a cold, tenuous, thin, relativistic electron beam propagating in the combined solenoidal and longitudinal wiggler fields produced on the axis of a multiple-mirror For sufficiently large magnetic fields, the emission is inherently broadband in the sense that many adjacent harmonics can exhibit substantial amplication. For B # 0, it is possible to obtain a larger or comparable growth rate to the low-gain cyclotron maser (6B = 0), at a much higher output frequency. For y 2 V 2 < c 2 , it was also found that the output frequency b --can be considerably higher than that of an FEL using a transverse wiggler, although the gain per unit length is typically somewhat smaller.
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